"When I was a kid, the elders in the village could tell the makam of a piece just by listening." While interviewing performers, enthusiasts, and experts in traditional Turkish taksims (improvisations), variations of this comment were made many times. Some of the respondents claimed to be able to identify the makam of a taksim, but others believed that this ability might now be a lost art. This paper documents a series of experiments (based on caricaturized or skeletonized taksim-like creations) designed to determine if it is possible to identify the makam from purely acoustical features, and, when possible, to determine the relative importance of the various audible features that may be used to establish the makam.
Introduction
Makam in Turkish traditional music refers to a style in which each makam-type names a pitch structure (called perde) and/or specific patterns of motivic/temporal development (called seyir). When hearing a makam performance, a listener will typically have access to more information than just the sound: the performer may be known, the particular piece may be familiar, it may be recognized from a specific place or previous time. Thus the "elder" in the "village" of the introductory quote may indeed correctly recognize the makam, but this identification might stem from extra-musical information and not necessarily directly related from the acoustic structure of the sound itself.
As will be shown in Experiment 1, such extra-musical information is not necessary for correct identification; expert listeners can reliably determine the makam from audible features alone. This leads to the second major question that is explored in Experiments 2 through 4: which features of the performance are key to the ability of an expert listener to identify the makam? The experiments are structured so as to investigate the relative importance of the perde (pitches) and the seyir (temporal motion) in the task of identifying the makam of a piece.
Background
Turkish makam music is primarily an oral tradition taught on a single instrument using a ney (an end blown cane flute), a kemençe (a bowed stringed instrument), the voice (hanende), or other traditional instrument. Learning typically occurs in a masterapprentice setting through extended repetition (meşk). There are (at least) two major kinds of pieces: composed (beste) and improvised (taksim). Popular makam music is typically heterophonic, rhythmic, and performed with percussion accompaniment; improvised forms are typically solo performances played with a flowing and relatively unstructured rhythm. A makam can be viewed as a musical setting with (a) a welldefined underlying scale of pitches, and (b) a set of conventions that structure the temporal ordering of the pitches into melodic lines.
The standard theoretical explanation for Turkish pitch sets is given by the "national theory of Turkish Music" called the Arel-Ezgi-Uzdilek System (AEU) (Arel, 1968; Ezgi, 1933) , which can be viewed as a 24-note set constructed from Pythagorean commas, and which can be closely approximated by notes from the 53-tone-equal tempered system (Yarman, 2008) . Empirical perde scales (in contrast to scales derived from theoretical considerations), have recently been investigated by taking pitch measurements on performances from renowned masters (Bozkurt, Yarman, Karaosmanoglu & Akkoç, 2009; Akkoç, 2002) . For example, Figure 1 shows the similarities and disparities between the theoretically-derived scale pitches and those measured in performance. While there remains controversy about the accuracy and applicability of the AEU classification to makam performances, both proponents and critics of the AEU system agree that it is based primarily on pitch relationships. Within the AEU system, more than a hundred makams have been described and labeled as in Figure 2 , which are drawn from . The music-theoretical information in Figure 2 is complemented by a numerical representation in Appendix A that is used to quantify the interval-set relations between the various makams. Recent work (Bozkurt, Gedik, Savacı, Karaosmanoglu &Üzbek, 2010) suggests that automated classification of makams can be accomplished with considerable accuracy using only pitchhistogram information. In terms of the introductory quote, it is reasonable to posit that it may be possible to recognize the makam of a piece purely by listening carefully to the pitch relationships within the performance. Since perde is the Turkish word for tones or pitch clusters, we call this the perde hypothesis for makam recognition. and an m-chord (where n + m = 9), for example, a tetra-chord and a penta-chord, as indicated by the grouping markers that connect the root and the dominant, and the dominant with the upper octave of the root). These samples are drawn from the software Mus2okur , which lists basic makams as well as hybrid combinations (or transposed forms) in commonly used genus patterns. These interval sets are shown numerically in Table A1 .
Others argue that the seyir (a complex of stereotyped motives, melodic signatures, and latent melodic possibilities) associated with each makam is crucial to its identity. Akkoç (2008) views seyir as a "journey between pitch clusters forming the underlying scale of the host makam. " Castellano, Bharucha & Krumhansl (1984) observe that this is analogous to an Indian rag, which is characterized both by its scale and by the manner and order in which the scale tones are combined. Thus the rag in Indian music forms a basis on which melodic composition and improvisation may occur. Similarly, the Turkish form exploits sets of scale tones and collections of melodic figures, motives, and patterns that utilize those scale tones. For example, Beken & Signell (2006) state "Every instrumentalist chooses from among confirming, delaying, and deceptive elements to create a taksim in a given makam. These elements may include general melodic direction, certain intervallic relationships, modulations, and most importantly, cadential points, often coming after stereotyped motives." Similarly, the New Grove Dictionary (2013) describes seyir as indicating "prescribed modulations and the general shape of phrases, understood as either predominantly upwards, predominantly downwards, or a combination of both." The New Grove article on mode credits Kantemir (1700) with defining a term for melodic progression, and comments that "the seyir spans a framework of tonal centers" that includes the root, the octave above the root, and other key tones.
Conceiving of seyir as central to the notion of makam subordinates pitch elements to temporal elements such as motives, patterns, and melodic contour. A recent study of related Arabic improvisations (Ayari & McAdams, 2003) shows "the melodic reductions of segments in a given maqām reveal the nature of Arabic modes as involving not just a tuning system, but also essential melodico-rhythmic configurations that are emblematic of the maqām." Confirming this view, our experts were asked (at the conclusion of the experiments) what they listen for when trying to determine the makam.
A typical response was that of Expert 2 who said, "I listen for certain sound patterns, like this (singing) in Uşşak or like this (singing) in Hicaz." Tanrıkorur (2005) states that makam encompasses both a pitch structure and (unwritten) rules for melodic progression that must be strictly observed by composers, and memorably states that a makam is 20% pitch and 80% seyir. We call this melodic or motivic notion that emphasizes the temporal aspects of a makam the seyir hypothesis for makam recognition.
Related Literature
The domain of music psychology has only recently begun to consider experimental work on the perception of Middle Eastern music, and such studies are limited. Ayari & McAdams (2003) consider a segmentation paradigm that contrasts Arab listeners and European listeners, and investigates the ways in which these two groups partition melodic passages within a makam structure. Thus they are able to investigate cultural differences in listening strategies. Our tests are quite different since they require identification of the makam directly from the audio, a task that those unfamiliar with the genre are unable to accomplish. Indeed, Ayari & McAdams (2003) observed that some of their Arab musicians were able to detect and describe modal structures such as the makam of melodic passages. It is this ability, within the context of Turkish makam music, that is the primary focus of the present paper. Castellano et. al. (1984) define tonality as the "centering of the musical materials around a particular tone," and thus tonality provides one way of structuring and organizing sound materials in music. For example, in Western music, the tonic is a reference tone associated with the musical structure called the key. More generally, the tonic provides a reference point whereby a set of musical pitches may be perceived in relationship to that tonic. Bharucha (1984) comments that "considerable exposure to pieces of music that are structurally similar gives rise to the... tonal hierarchy" and suggests that the temporal ordering of tones may be able to activate tonal schemas that are held in long-term memory, a view that is at least partly supported by Boltz (1989) . In this general sense, Castellano et. al. (1984) provide evidence for the tonal perception in classical Indian music using a probe-tone technique that compares the responses of Western and Indian listeners. In Turkish makam music, the tonic may be identified with the root tone (as in Figure 2 ) and the hierarchy would include an n-chord and m-chord (for example, a tetra-chord and a penta-chord) as indicated for particular makams by the grouping markers in Figure 2 . The tonal hierarchy is also evidenced by the most important satellite tones such as the leading tone and the dominant (in Turkish music, the dominant may be a musical fifth, but it may also be another interval; it is characterized as the pivot tone that is common to the n-and m-chords).
Using the probe-tone technique of Krumhansl & Shepard (1979) , Oram & Cuddy (1995) addressed listeners' responses to pitch distributional information in melodic sequences, concluding that more frequent tones (or those with greater total duration) tend to be rated as fitting the melodic context better than less frequent tones. Both musically trained and untrained subjects were responsive to distributional information whether the context was a diatonic subset of 12-tone equal temperament or whether it was a nondiatonic subset, although greater familiarity with tonal material made the task somewhat easier. Similarly, using probe-tone studies inspired by the music of Northern India, Castellano et. al. (1984) found that the most frequent tones were rated as best fitting the melodic context. The most common tones in Turkish makam music tend to be aligned with the most important tones in the pitch hierarchy (the root and the dominant). The melodic motion tends to be characterized by the establishment of a pitch center with many small deviations about that center, followed by a motion to another pitch center with deviations, and so on. Accordingly, the perceptual recognition of a makam may be due to the pitch set itself (and the corresponding frequencies of occurrence of the pitches), although it may also be due to the temporal arrangement of the pitches. This dichotomy nicely parallels the distinction between the perde hypothesis and the seyir hypothesis that the experiments of this paper are designed to untangle.
Overview
Experiment 1 establishes that expert listeners can indeed pinpoint the makam from acoustic clues alone (since the sound examples contain no extra-musical information such as performer or location, and are presented with a uniform synthetic timbre). Experiment 1: Establishing a Baseline
As commonly performed, a taksim has three sections: an exposition that establishes the host makam, a middle section that potentially explores other makams, and a recapitulation that restates the host makam, (see Beken & Signell, 2006 and form the core of the data used throughout these experiments.
All of the sound examples from the experiments, as well as intermediate files such as the MIDI data files, are also available. Niyazi Sayın has also contributed to this work by acting as one of the experts.
Procedure
In order to create the synthetic taksims for the experiments, the seventeen improvisations were analyzed and transformed into MIDI files where they could be more easily manipulated. Steps in this transformation are detailed in the stimulus section. The MIDI files were then rendered back into audio using a synthetic "bamboo flute"-like sound that is reminiscent of the ney but without the breathy sounds. Six of these resynthesized taksims were chosen to be the sound examples for Experiment 1: Hicaz, Isfahan, Muhayyer, Neva, Rast, and Uşşak. These six soundfiles were renamed (so as to hide their origins) and the order was randomized (so that the soundfiles, when viewed by computer, would not appear in alphabetical order). They were emailed to the experts who were asked one question:
Q: "What makam, if any, is each piece performed in?"
The experts were given no hints as to the reason for the question (other than a very general "we are studying the makeup of makams and taksims") and no hints as to the origin of the pieces. In particular, they were not told that the "intended" answer would be from among the seventeen taksims recorded by Niyazi Sayın; indeed, there are over 100 different makams catalogued in standard references (Arel, 1968; Ezgi, 1933) 
Participants
The listening tests described in the experiments are quite different from tests with "naive" subjects where the aim is to understand the perceptions and abilities of normal listeners. In this case, naive listeners (including most of the authors) cannot correctly name the makam of a piece by listening to it. Accordingly, it was necessary to ask experts. Such experts are not easy to find, and so it was not possible to run the experiments on a large number of subjects (as would be required for a statistical analysis).
In some cases, potential experts were deterred from participating out of worries that the experiments were a test of their expertise, or a competition amongst the various masters of the genre.
The authors were fortunate to find three experts who were willing to devote time and energy to listening to the sound examples and answering the (apparently) simple question Q. All three have given their permission to be named here as participants.
Once engaged, the experts appeared to enjoy the task, and clearly took it seriously. The experts were often confident of their assessments, although some worried in their email responses whether they "got the answers right." One said the experiments of the final test set "were designed to torture. Everything in them was tinkered with, and designed to fool and deceive" indicating that the tasks were not always easy.
This section presents basic biographical information about the experts.
Expert 1: Niyazi Sayın
Neyzen Niyazi Sayın (1932-) is a legendary representative of the 5th generation of master musicians following in the tradition of Hammamizadeİsmail Dede (1778-1846).
According to Holtzberg (2008) , he is regarded as one of the most important living ney players in Turkish classical music. His musical geneology can be traced through his teacher, the painter and ney player Halil Dikmen (1906 Dikmen ( -1964 , who was the student of Ahmet Irsoy , who was the son and student of Zekai Dede (1825-1897), who was the student of Hammamizadeİsmail Dede. Sayın's meşk, which Gill-Gürtan (2011) describes as the practice of music transmission, is an oral tradition that places him in a long line of masters who perform makam compositions and improvisations, deal with the culture surrounding the musical performances, engage in arduous training in both listening and performance, and feel a strong sense of a social identity and responsibility for the preservation and continued transmission of the style. Technical University.
Expert 3: Necdet Yaşar
Necdet Yaşar (1930-) is a tanbur (lute) player, music teacher, and a founding member of the Istanbul State Turkish Music Ensemble. In 1991 he was awarded the title "National Artist" by the Turkish government, and Signell (2011) notes that he is a leading tanbur player who has performed classical Turkish music throughout the world.
Yaşar was the pupil of Mesut Cemil, son of the legendary Tanburî Cemil Bey. According to Aksoy (2005) , Yaşar is a master at avoiding stereotyped musical phrases in his original improvisations, a "composer of improvisations, a poet of the tanbur, who recites makamic verses." Yaşar was also a primary source in Signell (1986) , and an illustrated biography has recently been published (Tokuz, 2009 ).
Stimuli
The sound examples in Experiment 1 (and throughout later experiments) rely on a kind of analysis-resynthesis method; the audio .wav files in a collection of taksims are analyzed and transformed into MIDI note-level representations where the pitch and timing can be straightforwardly manipulated. The process begins with the pitch detector of de Cheveigné & Kawahara (2002) , which is used to estimate the instantaneous pitch of the original performances at a rate of 100 times per second. The raw pitch data are converted into estimates of the pitch centers and transition probabilities using the Expectation Maximization (EM) algorithm of Welch (2003) . These are then used to estimate the note-start and note-end times via the Viterbi (1967) algorithm. As these pitch extraction steps are somewhat involved, the steps are detailed in Appendix B.
The output of the above processes is a set of note-level data that are translated into a standard MIDI file. The sound examples of Experiment 1 are a resynthesis of the analyzed performances using a flute-like instrumental sound generated using the Alchemy additive synthesizer by Camel Audio (2013) . The sound patch is amplitude-modulated at a slow rate, imitating (somewhat) the vibrato and timbre of the ney, although without the breathy effect common with the ney. The performance is quantized to eight notes (per octave) and the specific pitches are determined by the pitches present in the original performances. While this leaves much of the melodic motion intact, it removes pitch glides and microtonal ornamentations. The original sound files, the extracted MIDI files, and the resynthesized versions can all be heard at the Makam Experiment
Website .
Results
Experiment 1 consists of six sound examples that are essentially resynthesized versions of the original taksims from the 1986 performances. The taksims chosen for resynthesis are listed in Table 1 , along with the responses of the experts. The specific taksims chosen maintain a balance between those which are more and less common.
All three experts correctly identified four of the synthetic taksims precisely (Hicaz, Muhayyer, Rast, and Uşşak). Isfahan and Neva are comparatively uncommon, and it makes sense that rarer makams would be more difficult to recognize. Even so, Expert 3 identified Neva correctly while Experts 1 and 2 mentioned Neva in conjunction with another more common makam (Uşşak and Beyati). To understand this, recall that in "normal" performances, a piece will begin on a host makam, modulate through other makams, and then resolve back to the host. In Table 1 , there are four places where the experts identified more than one makam (those with a slash /). When we asked about this, Expert 2 said that he "heard echoes of both" in the piece, and could not decide which is the most prominent (and so listed both). These results do not mean that the synthetic taksims and the original improvisations sound in any sense "the same"; rather, it means that the transformations into the synthetic versions retain the essence of the makam structure (whatever that may be). This experiment shows that it is possible to recognize the makam from a synthetic version, using only auditory clues. There is no real possibility that such a string of matches could have resulted from chance: with over 100 possibilities for each of the sound examples, even getting one correct in six tries would be highly unlikely. Although we only asked the single question (which could in principle be answered by a single word) the expert's responses were rarely so succinct. For the most part (in this and in subsequent experiments), the experts indicated that they listened to the sound examples several times and in several cases, provided second-by-second analyses of the pieces.
These would typically end with "and therefore I conclude it is in makam X." Landis & Koch (1977) One way of quantifying the amount of agreement among subjects is the kappa coefficient (Fleiss, 1971) , which can be applied to multiple raters on categorical data (Sim & Wright, 2005) . The kappa value κ =P −R 1−R indicates the "proportion of agreement beyond that expected by chance," whereP is the observed agreement and R is the agreement expected by chance alone. κ lies on a scale between −1 (complete disagreement) through 0 (chance agreement only) to +1 (complete agreement). A full discussion of the kappa calculation is presented in Appendix C. For Experiment 1, applied to the three experts, κ lies in the range (0.671, 0.735), which can be interpreted as in Table 2 to reflect substantial agreement among the experts. It should be noted that there is no universally accepted interpretation of κ values. In our experiments, κ may be understated because it only takes into account the categories (the makams) that actually appear in one or more responses; the actual difficulty of the task is also dependent on the universe of possible answers (the 100 or so makams); this would tend to make κ a conservative estimate of the true agreement. Observe that the kappa coefficient does not have a well-accepted notion of statistical significance, and since our sample sizes are quite small, it is probably best to view the numbers as suggestions for interpretation rather than precise yardsticks.
We report the response of Expert 1 to Experiment 1 here for completeness; it should be noted that this expert was the original source of the seventeen taksims from 1986.
Although he did not consciously recognize any of the sound examples in this experiment (after a lapse of more than 25 years), the possibility of the use of extra-acoustic information in the responses cannot be ruled out. Accordingly, it may be best to discount The perde hypothesis posits that makam identification is crucially dependent on pitch relationships while the seyir hypothesis posits that the identification is crucially dependent on time ordering. Motifs, sound patterns, and melodic contours are inherently ordered; sound X followed by sound Y is fundamentally different from sound Y followed by sound X. This is well studied in the case of melodies, where rearranging the temporal order of a melody can leave even a familiar melody unrecognizable (Deutsch, 1982) . In contrast, the set of pitches present in a piece is invariant with respect to temporal rearrangements. Accordingly, the sound examples of Experiment 2 rearrange the order of the notes of the improvisations, leaving the pitches unchanged. This is done in two different ways: by scrambling segments, and by time reversal.
Procedure and Participants
Roughly one week elapsed between Experiments 1 and 2, and the same expert listeners were again asked question Q. The timing of each of the experiments was somewhat different for each expert due to scheduling constraints. Because the sound files were sent by email (and in one case on CD), the sound examples could not be "returned" after the experiment was over, and so the experiments must be considered to be cumulative. When we asked (at the end of all four experiments) if the experts had referred back to sound examples from previous experiments, all said 'no.' Because our subjects are experts who were donating their time and energy, we did not feel it was appropri-ate to answer direct questions with dissembling responses. Accordingly, we supplied feedback when asked. Expert 1 was the most persistent: asking questions about who was playing, what instrument was being played, what we had done to create the sound examples, and what the "right" answers were. Expert 2 was considerably more circumspect, more interested in "why" we were making the sound examples than in "how,"
and Expert 3 asked no questions. Our belief is that our responses supplied no useful information to influence future decisions, but we cannot say this with complete certainty.
In Appendix C, we try to address this quantitatively.
Stimuli
The scrambling-by-segments method relies on the observation that the original improvisations are built from a number of small segments. These segments correspond to the points at which the performer breathes (these were performed on a solo ney) and so provide natural stopping and starting points for the temporal rearrangement. For example, the Hicazkar improvisation was performed in nine small segments. Numbering the segments sequentially, two resynthesized versions performed the segments in the orders 135724689 and 183754629. Thus both start and end the same, but move through the piece in different orders. This technique is analogous to the scrambling of melodies presented in (Rabinovitz, 2011) .
The second method of rearrangement is time reversal. In these examples, the notes of the improvisation were performed backwards: first the final note, then the penultimate note, then the 3rd to last, and so on, all the way back to the first note. Although there is no musical score, the effect is the same as if the performer played the piece note-by-note from end to start. (This is not the same as reversing the soundfile, which drastically changes the timbre of the instrument.) Synthesized versions of Hicaz, Mahur, and Uşşak were time reversed in this fashion.
Results
With a single exception, the sound examples of Experiment 2 are not simple copies of an original performance; rather, the sounds are scrambled in time in a nontrivial Figure A1 . In the exit interview, Expert 2 said that he had recognized the similarity between the first and fifth sound examples when answering, and he thought we had used the same twice, "perhaps to try and trick him." Thus he ensured the answer was the same for both. The outlier here is the response of Nihavent, for which we find no obvious explanation.
Calculating the kappa coefficient for this experiment as in Appendix C gives an agreement rating among the three experts of κ in the range (0.263, 0.345). According to Table 2 , this is a "fair" agreement among the experts. Because of the tight relationship between some of the makams used (as mentioned above) and because of the large number of possible answers that did not appear, this may understate the agreement.
Experiment 3: Randomizing Events
Another way of removing temporal relationships is via randomization. In the simplest situation, a histogram can be used to count how many times each perde occurs. A "new piece" can be built by picking notes at random with probabilities based on the histogram. In the output, notes occur with roughly the same frequency as in the original, but in different order. A less drastic randomization can be made by considering all pairs of notes and then choosing notes for the new piece based on the probabilities of the pairs. This would tend to replicate the original time ordering somewhat more faithfully. Continuing in this fashion, it is possible to consider triplets (n = 3), quadruplets (n = 4), etc. As n increases, the randomized output tends to more faithfully replicate the original. Said another way, the events in the input pieces are randomized in such a way so as to destroy long-term temporal structure but to preserve short-term temporal structure, where "long" and "short" are determined by n. A large database is needed in order to generate these probabilities; we used the source material from the "Turkish 
Procedure and Participants
The procedures and participants were the same as in Experiments 1-2.
Stimuli
Successive events in musical performances are not independent. Shannon (1948) Accordingly, the text-based "Poem Maker" was translated into a MIDI-based sequence generator. Instead of generating text based on n-term probabilities, the MIDI generator creates sequences of notes where n-note patterns occur with probabilities specified by the source collection. Thus for n = 1, individual notes occur with the same probabilities as in the makams of the SymbTr database. For n = 2, pairs of notes occur with the same probabilities as in the database, etc. The randomized synthetic taksims of Experiment 3 were generated in this manner, and then realized using the same simulated-ney sound as in Experiment 1. 
Results
Experiment 3 again consists of two "kinds" of sound examples. Logically, the two rastXXX examples belong with the scrambling examples from Experiment 2. The new technique is embodied in the examples with the "Rand" suffix, which indicates that these were created using the Markov chain randomization technique described above. Tura (1988) comments that Rast is the root of all makams, so it might be anticipated that it would be among the easiest to recognize, even in scrambled form. Indeed, all three of the experts identified the scramblings of the Rast makam, although Expert 2 identified a more complex structure that lies "on a Rast scale with plenty of Segah, most like Sazkâr" (we have abbreviated this in the table). In terms of interval sets, Sazkâr and Rehavi are both the same as Rast, as shown in Figure A1 . Hence this answer is quite reasonable.
The Hicaz and Uşşak makams were randomized according to the Markov chain method with n=1 and n=3, where n is the length (or memory) of the chain. The n=1 examples have no memory (pedantically, a memory of one note) and are effectively the same as if one generated notes at random from probabilities dictated by the histogram.
The n=3 examples have a memory of triplets, that is, one-, two-, and three-note sequences will occur with the same probabilities as in the original database. Both Hicaz randomizations were correctly identified by all three experts. The Uşşak randomization with n=1 was identified as Beyati by two of the experts. This is easy to understand since the Uşşak and Beyati makams have the same set of pitches; indeed, some authors such as (Arel, 1968) do not consider these to be distinct makams. In terms of the interval sets of Figure A1 , the distance between Uşşak and Beyati is zero. Signell (1986) makes the argument that they differ primarily in melodic direction: that Uşşak is an ascending form (tonic-dominant-tonic) while Beyati is an ascending-descending form (dominant, lingers, then to tonic). Such directional motions are annihilated by the randomization. Expert 2 heard the n=3 Uşşak randomization as Hüseyni, which is again a closely related makam. This is the same confusion found in Experiment 1 and may be understood by observing that the single sharp difference occurs on a relatively rare tone.
Perhaps the most interesting responses in Experiment 3 were provided by Expert 3 to the two randomized Uşşak makams, who wrote "piece wanders over pitches with no makam structure detected." This is the only case where any of the experts took advantage of the "if any" clause in the question Q. Although the amount of randomization was the same, apparently the "wandering" in the Uşşak examples was more pronounced than the wandering in Hicaz. For at least one of the experts, the sound manipulations had annihilated the makam structure.
Expert 2 commented that the n=3 randomized examples "sound like an overture."
An overture typically contains many small snippets of the pieces that are to come; the n=3 randomizations contain many small (3-note) snippets from the database from which the parameters of the Markov chain are drawn. Thus Expert 2 was likely hearing many of the small motifs inherited from the SymbTr database (Karaosmanoglu, 2012) .
To calculate the kappa value for the agreement between the three experts requires handling the "no makam" response of Expert 3. If this is interpreted as another category of response, the kappa value lies in the range (0.447, 0.622) as shown in Table C1 .
These values may be interpreted as in Table 2 as "substantial agreement" for the sound examples of this experiment.
Experiment 4: Cross-Makam Generation
The sound examples for Experiment 4 are constructed to help determine which hy- 
Procedure and Participants
The procedures and participants were the same as in Experiments 1-3.
Stimuli
The sound stimuli for Experiment 4 are constructed by grafting the pitch profile of one makam onto the temporal profile of another. The basic source material is the original corpus of 17 makams, each of which is subjected to the analysis of Appendix B. Two makams A and B are chosen for each example, and a one-to-one mapping is constructed that replaces each note of a makam with the corresponding note from the other. For instance, in the first sound example, the pitches/perdes from Muhayyer are mapped onto the temporal motion of the Uşşak makam and the result is called "perMuhSeyUss" in the first line of Table 5 . The complete procedure is described in detail in Appendix D.
Results
Experts 1 and 2 heard sound examples 1, 4, and 5 as dictated by the temporal mo- Figure A1 indicates a large difference in interval set) while the dominant-tonic relationship is identical (a fourth).
Moreover, agreement among the experts in example 8 may be greater than is obvious from a glance at Table 5 Interpreting the "no makam" response as a category of response, the kappa value for this experiment lies in the range (0.411, 0.424) as shown in Table C1 . This may be interpreted as in Table 2 as "moderate agreement" among the experts for the sound examples of this experiment.
Discussions and Conclusions
When we first contemplated these experiments, we feared that even experts might not be able to name the intended makams, leaving us with a dilemma; would this mean that the experts failed to identify the makam, or would it mean that the process of creating the resynthesized sound examples had destroyed the essence of the makam? Fortunately, in the majority of examples, the experts concurred with our intended makams and with each other. This gave us confidence that the sound resynthesis techniques were transparent (at least from the point-of-view of makam recognition). The answer to the question as to the identifiability of the makam from purely acoustical data is unequivocal: yes, expert listeners can accomplish this task.
The bulk of the experiments were then designed to uncover the acoustic cues that the experts might use to achieve this feat of cognition, centering on the two central hypotheses of a pitch/perde-based recognition and a temporal/seyir-based recognition.
The results of Experiments 2 and 3 show that pitch relationships alone (i.e., the scale)
can account for the recognition of makams in many cases. Whether the notes of the improvisation are scrambled or randomized, the experts were often able to identify the intended makam. When they "missed," it was often easy to see why: makams with similar interval sets are easy to confound. Had we stopped the experiments at this point, we would have concluded (in agreement with a simple interpretation of the AEU theory) that recognition of makams is primarily a pitch-based activity; we would have been pleased to report that the auditory pitch acuity of the experts was fine enough to distinguish many makams from their pitch content alone.
But the testimony of performers and authorities on Turkish music (including our experts) suggests that temporal information ought to be significant. We were not able to design an experiment that isolates the seyir hypothesis (as Experiments 2 and 3 isolate the perde hypothesis). But we were able to conduct Experiment 4, which tests the relative importance of the two hypotheses. In many cases, the seyir-based recognition dominates the perde-based recognition. Thus, although pitch relationships alone can be used to identify the makam, when both pitch information and temporal information are present and conflict, listeners tend to choose the makam represented by the temporal information (e.g., sound examples 1, 4, and 5 of Experiment 4), especially when the interval sets of the makams are close. In cases where the pitches are very different (sound examples 7 and 8 of Experiment 4), the perdes may still dominate. While one or the other of these phenomena may dominate in any given experiment, it should be understood that in normal listening, perde and seyir work together to define the makam.
Makam recognition is a highly complex cognitive process. When there is only pitch information available (as in the contrived sound examples of Experiments 2 an 3), it is often enough to identify the makam. However, when temporal information is present, and the perde structures happen to be "close," the temporal information may be the preferred vehicle for makam recognition. Some of the cases where the expert's answers differed from our prior expectations may provide clues to relationships between makams. For example, sound examples 2 and 6 of Experiment 4 suggest that when makams A and B are combined (choosing the perdes of A and the seyir of B), the proper response may be neither A nor B, but a third makam C which is related to the two input makams by a balance of both pitch and temporal similarities. Further experiments, designed specifically to test such relationships, could be conducted with the aim of uncovering a "distance" function that might measure the similarities and differences between makams based on pitch and temporal structures. Castellano et. al. (1984) consider the features of tonal organization that may become internalized through experience in the context of Indian rags. We did not extend our experiments to Western listeners because it would be difficult for those without experience to distinguish one makam from another, and clearly impossible to name them. It would be interesting to conduct probe-tone experiments analogous to those of Krumhansl & Shepard (1979) using the tonal material of Turkish makams. These would require an expanded palette of pitches to include at least the 24 tones of the AEU system, although they might also benefit from the full 53-tone set of commas and/or the inclusion of 12-tone equal tempered pitches, which might be significant for listeners who also have significant exposure to Western idioms. In order to bypass the need to choose what pitches to use (and indeed, to bypass the need to choose a musictheoretic system on which to base the experiments) we have analyzed specific musical performances and derived the pitch sets used in the experiments directly from those performances. The accuracy of the pitch extraction is on the order of one cent, and so is finer than any common theoretical system.
There are many examples throughout a variety of musical cultures where small pitch changes are used as expressive elements in performance; these are often consid-ered to be ornamental inflections about some set of nominal pitches. Ayari & McAdams (2003) report that for many Arab listeners, small comma-sized variations may signal a change in the identity of the makam. The experiments in this paper confirm that a comma change (such as those that distinguish the various makams) may carry important information about the form and organization of the piece, at least in realm of the taksims of Turkish makam music. Such differences in form (i.e., the various makams)
can often be perceived and identified by experts. Oram and Cuddy (1995) observe that a listener's sensitivity to pitch-distributional information may be important in developing listening strategies for atonal music. This may equally hold when listening to an unfamiliar musical style (such as a Westerner listening to makam music) where the form of tonality is different. Extending this one step further, it is also plausible that an expert may use pitch distributional information when other, more familiar information (such as temporal order) is unavailable. For example, in the scrambling experiments, where the order of pitches were randomized and temporal cues destroyed, the experts may have adjusted their listening strategies.
When those temporal cues were returned in Experiment 4, it is plausible that their listening strategies readjusted to focus on the most pertinent information. (Bharucha, 1984) comments that the tonal hierarchy may be evoked either by the relative durations of tones in a piece or by activation of long term memory. Deutsch (1984) comments on Castellano et. al. (1984) and asks, in the context of Western music, if key assignments tend to be made on the basis of pitch collections alone, or if the order of the notes is also significant. This provides a simple experimental paradigm where the interactions between tonal perceptions and temporal ordering of events can be studied. Deutsch constructs an example where identical sets of notes imply different keys depending the order in which they are played, and concludes that "we are dealing with an elaborate bootstrapping operation... so that ultimately both a key and a sequential representation are arrived at by the listener." This is consistent with our conclusion that a makam may be identified from pitch information alone but that when sequential information is present, it may also exert a significant influence.
Indeed, in certain cases (such as the makams along the diagonals in Figure A1 ) the pitch sets of two makams are identical and the sequential presentation is crucial. The results of Experiment 4 attempt to address the relative importance of the sequential and the pitch information.
In linguistics, the saying that "native speakers do not make grammatical errors" (Andersson and Trudgill, 1990) can be interpreted to mean that language is a social construct where the limits of usage are governed by the speakers of that language. In musical discourse, while there is no "native speaker," experts do spend years learning, training, and performing in a style that is governed by their practice. Our intention is not to idolize such experts (although we do have great esteem for their abilities)
but to use their responses to understand the limits of the makam style and the limits of human perception. In the experiments, the simplest situation is when the experts agree with our intended makam. When the experts agree with each other (but disagree with our intended makam), this indicates that we designed the experiment poorly or misunderstood some aspect of the sound example. When the experts disagree among themselves, it is possible that one has "made a mistake" perhaps through inattentive listening or happenstance, but our first presumption is that they disagree because they are attending to different aspects of the experimental stimulus. In such cases, we have This same kind of approach (of designing experiments to concretely and unambiguously uncover the abilities of expert listeners) may be applied to related issues. For instance, interviews suggest that the performance of a makam ought to be more than a mere collection of stereotypical motives; if so, what are these audible and measurable quantities, and how can they be demonstrated or falsified? Table A1 : Interval sets of the 24 makams of Figure 2 can be represented as integer multiples of the Holdrian comma. Data are drawn from . These scales are shown in musical notation in Figure 2 .
A Measuring the Distance Between Makams in Pitch Space
One way of characterizing the pitch content of makams is via the set of successive intervals that occur in the scale. Table A1 shows the interval sets for the 24 makams of Figure 2 . Intervals are measured in terms of the Holdrian comma, an interval of 1/53 of an octave (22.6 cents) (Touma, 1996) . For example, in the Uşşak makam, the interval between the root and the second tone is 7 commas, between the second and third tones is 6 commas, etc. Because the scales repeat at the octave, each row of the table sums to 53.
In the standard AEU theory, commas are restricted to multiples of 4, 5, 8, 9, 12 and 13. Bozkurt, et. al. (2009) and Akkoç (2002) show that in practice, commas of size 6 and 7 also occur, and Table A1 adopts these values. For example, in the standard AEU theory, the interval set for the Saba makam would be 8, 5, 5, 13, 4, 9, 9. Such differences arise from inconsistencies between theory and practice and may be subject to controversy.
The interval sets can be used to describe a metric in many ways. Perhaps the simplest is to calculate the sum of the absolute values of the L 1 -distance ||x − y|| 1 where x and y are interval sets. Somewhat more meaningful from a musical perspective is to consider all rotations (circular shifts) of the interval sets. Let R i (x) be a circular shift of the interval vector x by i positions to the right. Then
is the value of the smallest of the L 1 -differences between the interval set y and all This implements the YIN pitch detection algorithm (de Cheveigné & Kawahara, 2002) and is used to estimate the instantaneous pitch of the original performance at a rate of 100 times per second. The raw pitch data are converted into estimates of the pitch centers and transition probabilities using the Expectation Maximization (EM) algorithm (Welch, 2003) . Effectively, this transforms the 100-times-per-second data to a small collection of eight pitches (per octave) and corresponding transition probabilities, which indicate the likelihood that any given pitch will transition to any other given pitch throughout the analyzed piece. These probabilities, together with the raw pitch measurements, are then used to estimate the note start and end times via the Viterbi (1967) algorithm. This reduces the raw pitch data to a set of "note-level" data that can be transformed into a MIDI file. Since the pitches of the notes do not all lie on the pitches of the Western 12-tone equal tempered scale (as is the default in a MIDI representation), each note is coded as a pitch value along with a pitch-bend value. Together, these allow the sounded MIDI notes to have a repeatable pitch accuracy of better than one cent.
The model presumes eight pitches (or pitch clusters) per octave, as is common in Turkish makams. The centers of these clusters are denoted s 1 , s 2 , . . . , s m . These are unknown, and the EM algorithm is used to estimate the states of the underlying Markov chain {X i } and the transition probabilities
Suppose there are n observations y 1 , y 2 , . . . , y n where y i = X i + n i and where n i conditioned on X i = s l is independent of both {X 1 , X 2 , . . . , X i−1 } and {n 1 , n 2 , . . . , n i−1 }, and is Gaussian with mean µ l and variance σ 2 l . In Figure B1 , the points y i form the clouds of small dots; they tend to cluster around certain perde centers that are the pitches s i used in the performance. For notational convenience, define λ l = (µ l , σ 2 l ), l = 1, 2, . . . , m. Conditioned on X i = s l , y i is Gaussian with mean s l + µ l and variance σ 2 l , and the probability density is -212, -3.5, 158, 276, 495.5, 713 , and 880 cents as well the probabilities of transition, which are not shown). The Viterbi step finds the most probable path (the best set of horizontal lines) to maximize the likelihood throughout the complete performance.
The EM algorithm updates the estimates of the parameter values α ij and λ i for i, j = 1, 2, . . . m by computing the "forward" probabilities
(which can be initialized to u j (1) = 1/m, j = 1, 2, . . . , m) and the "backward" prob-
The likelihood L = m j=1 a j (n) increases at each iteration. Updated estimates of the parameters are
The iterations may be initialized with α ij = 1/m for all i, j = 1, 2, . . . , m and µ i = 0.
The most probable path is the sequence of states that maximizes the likelihood. Let δ(n) = max x1,...,xn P (X 1 = x 1 , X 2 = x 2 , . . . , X n = x n , y 1 , y 2 , . . . , y n |parameters),
and let m j (k) be the argument x 1 , x 2 , . . . , x k−1 at which the maximum of δ j (k) oc-curs. This is the most probable path to be in state s j at time k, given the observations up to time k. Initializing δ j (1) = 1 m f (y 1 : λ j ) for j = 1, 2, . . . , m and p j (1) = m j (1) = ∅, this can be computed by the iteration:
The most probable path is then constructed from the Viterbi backtracking procedure. Since δ j (n) is known for j = 1, 2, . . . , n, let p n = arg max j δ j (n). The most probable path
represents an approximation to the perde centers of the performance. This is the "best"
(in the maximum likelihood sense) set of "notes" (the horizontal lines in Figure B1 ) to approximate the instantaneous pitch measurements (the small dots). While this method of pitch extraction may seem complicated, it does not require a large number of free parameters (such as thresholds and filter-lengths) that are dependent on the details of the timbre of the sounds being analyzed (Bozkurt et. al., 2010) . The only parameters that must be chosen are initial values for the scale steps s i ; these can be conveniently chosen from the peaks of the histogram of the observations y i .
C Calculation of Fleiss' Kappa
The kappa coefficient (Fleiss, 1971 ) can be applied to multiple raters on categorical data. The kappa value
indicates the amount of agreement beyond that expected by chance, whereP is the observed agreement and R is the agreement expected by chance alone. These are calculated as shown in Equations C2 and C3 below.
Let N be the number of sound examples in the experiment, M the number of raters (experts), K the number of categories (makams), and m n,k the number of experts who chose the kth makam in response to the nth sound example. The proportion of all assignments to the kth makam is
Since k m n,k = M , the p k 's sum to unity, i.e., k p k = 1. If the experts chose makams at random, the average agreement would be
The amount of agreement observed among the M experts in the nth sound example is calculated from the proportion of agreeing pairs out of all the M (M − 1) possible pairs. This is
which are averaged to giveP
Equations C2 and C3 are then combined to give the κ of C1. κ values may be interpreted as in Table 2 ), the only change is that Pseudo-experiment 3 has "fair" agreement while Experiment 3 has "moderate"
agreement. This may indicate some influence of learning or influence from side information gleaned from conversations between the experiments. On the other hand, it should be intuitively clear that the randomized scramblings of Pseudo-experiment 3
pose at least as difficult a task as the more modest scramblings of Pseudo-experiment 2.
This intuition is more consistent with the overlapping κ-ranges of Pseudo-experiments 2 and 3 than with the increase in κ-ranges from Experiments 2 to 3.
D Generation of Cross-Makam Sound Stimuli
This appendix details the technique used to create the sound stimuli for Experiment 4 in which each sound example is constructed using the pitch profile of one makam and the temporal profile of another. The basic source material is the original corpus of 17 makams, each of which is subjected to the analysis of Appendix B. For each sound example, two makams are chosen, which are labeled A and B.
The most probable path for makam A is given by Eq. B8 as a sequence of fre-quency/time triples (f 1 , t 1 , e 1 ), (f 2 , t 2 , e 2 ), . . . , (f n A , t n A , e n A )
where n A is the total number of pitch events (notes) in the performance, the start and end times t i and e i are in seconds (accurate to about 0.01 s), and the fundamental frequencies f i are in Hz. The Viterbi procedure leading to Eq. B8 ensures that the f i are quantized to a small number of values (eight per octave) which are the scale steps Similarly, the most probable path for makam B is (f 1 ,t 1 ,ê 1 ), (f 2 ,t 2 ,ê 2 ), . . . , (f n A ,t n B ,ê n B )
where n B is the total number of notes in performance B and frequency is again quantized by Eq. B8 to the scale stepsŝ Somewhat more formally, let m be the number of (possibly filled-in) scale steps and relabel the s to remove the octave notation so that the s j i are relabeled with a single subscript σ 1 , σ 2 , . . . , σ m . Similarly, relabel theŝ j i asσ 1 ,σ 2 , . . . ,σ m . Let g be the map which takes σ k toσ k and g −1 be its inverse, that is,σ k = g(σ k ) and σ k = g −1 (σ k ) for k = 1, 2, . . . , m.
The output sequences are created by applying the two mappings g and g −1 to the performances as extracted in Equations D1 and D2. For instance, each of the elements f i in D1 corresponds to one of the σ k , which is mapped by g toσ k . With a slight abuse of notation, denote this element g(f i ) ≡ g(σ k ) =σ k , and the sequence becomes (g(f 1 ), t 1 , e 1 ), (g(f 2 ), t 2 , e 2 ), . . . , (g(f n A ), t n A , e n A ),
which consists of n A pitches from makam B, each of which is associated with a start and end time specified by makam A. This sequence is then translated into a MIDI representation (where the frequencies are specified by MIDI note-number and pitchbend) and then synthesized into audio using the same sounds as in the previous sound stimuli. The resulting sound example contains the perdes/pitches from makam B (i.e., the pitches g(σ k ) performed with the timing/temporal information from makam A (i.e., at times t 1 , t 2 , . . . , t n A ). Similarly, the sequence (g −1 (f 1 ),t 1 ,ê 1 ), (g −1 (f 2 ),t 2 ,ê 2 ), . . . , (g −1 (f n B ),t n B ,ê n B )
consists of n B pitches from makam A which are associated with starting and ending timest i andê i from makam B. When translated into MIDI and then into sound, this contains the perdes/pitches from makam A with the timing/temporal information from makam B.
To show the procedure concretely, consider the first sound example which combines elements of Uşşak and Muhayyer. The procedure of Appendix B applied to the Uşşak makam results in a sequence defined by Eq. D1 containing n A = 105 note events, each with a specified pitch, start time, and end time. There are 10 distinct pitches (those without asterisks in first column) with fundamental frequencies that appear in the second column of Table D1 . The same procedure applied to the Muhayyer makam results in a sequence given by Eq. D2 containing n B = 183 note events with the 14 different fundamental frequencies listed in the seventh column of Table D1 .
Corresponding to the frequencies are the scale steps s In order to have a one-to-one mapping between the scale steps of the two makams, it was necessary to fill-in these values as described above. This is why (for instance) s the sequence of pitches and their timings is determined by the Muhayyer, but the exact pitches that occur are determined by the Uşşak. We state this concisely (although somewhat inaccurately) by saying that the example contains "perdes from Uşşak" and the "seyir from Muhayyer."
